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The Sry-related HMG box transcription factor, Sox17, is required for formation of definitive endoderm that gives rise to various organs,
including thyroid, lung, liver, pancreas, and intestine. While expressed at high levels in the embryonic endoderm, Sox17 is also expressed in
mature tissues, including the lung. Sox17 expression in respiratory epithelial cells was first detected in the fetal lung at embryonic day 18.
Thereafter, Sox17 expression was restricted primarily to ciliated cells, suggesting its potential role in airway cell differentiation. When expressed
in epithelial cells of the embryonic lung, Sox17 inhibited peripheral epithelial cell differentiation and disrupted branching morphogenesis. In vitro,
Sox17 inhibited Sftpc and enhanced Foxj1 promoter activity, consistent with its expression in proximal airway cells. Conditional expression of
Sox17 in peripheral respiratory epithelial cells of adult lung induced hyperplastic clusters of cells expressing increased levels of β-catenin and
differentiation markers representing multiple proximal respiratory epithelial cell types. Sox17 prolonged survival and enhanced growth and
differentiation of respiratory epithelial cells in vitro. Sox17 induced plasticity of respiratory epithelial cells, reprogramming alveolar cells into
epithelial cells with characteristics more typical of the proximal airway. Sites of expression and the effects of Sox17 in vivo and in vitro are
consistent with a role for Sox17 or other members of the Sox family of transcription factors in differentiation of the conducting airway epithelium.
© 2006 Elsevier Inc. All rights reserved.Keywords: Transcription factor; Sox17; Foxj1; Progenitor cells; Lung; TransdifferentiationIntroduction
Respiratory epithelial cells are derived from progenitor cells
in the anterior foregut endoderm that contribute to formation of
lung, thyroid, liver, and pancreas (Wells and Melton, 1999).
During the early embryonic period of lung formation,
respiratory epithelial cells are relatively undifferentiated, the
tubules being lined predominantly by simple, cuboidal–
columnar cells. As lung tubules undergo branching morpho-
genesis, epithelial cells proliferate and differentiate into
multiple cell types that vary along the proximal–distal axis of
the lung. In the mouse, a complex pseudostratified epithelium
lines the larger conducting airways. Smaller, intraparenchymal⁎ Corresponding author. Cincinnati Children's Hospital Medical Center,
Division of Pulmonary Biology, 3333 Burnet Avenue, Cincinnati, OH 45229-
3039, USA. Fax: +1 513 636 7868.
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doi:10.1016/j.ydbio.2006.02.038airways are lined by a simple columnar epithelium including
Clara, ciliated, and neuroendocrine cells. The alveolar epithe-
lium in the alveoli forms the gas-exchange region of the lung
and is lined by cuboidal type II cells and squamous type I cells.
Concerted actions of various transcription factors (including
TTF-1, Foxa1, Foxa2, Foxj1, LEF/TCFs (together with β-
catenin), and RARs) influence the differentiation of endoder-
mally derived progenitor cells into multiple respiratory
epithelial cell types along the proximal–distal axis [see
Cardoso, 2001; Costa et al., 2001; Perl and Whitsett, 1999;
Shannon and Hyatt, 2004 for review]. Although the progenitors
of cell types lining proximal, as compared to distal lung, are
established prior to lung bud formation (Perl et al., 2002b),
progenitor cells lining lung tubules maintain plasticity during
early lung morphogenesis and can be reprogrammed by
inductive interactions with surrounding mesenchyme (Shannon
and Deterding, 1997). After birth, multiple respiratory epithelial
cell populations serve as progenitor cells in repair processes
Table 1
Summary of hSP-C-rtTA and rCCSP-rtTA
Transgenic mouse hSP-rtTA rCCSP-rtTA
Transgenes 3.7-kb human SP-C
(SFTPC) promoter
linked to reverse
tetracucline
transactivator (rtTA)
2.3-kb rat CCSP (Scgb lal)
promoter linked to rtTA
Target cells:
Prenatal Lung epithelial
progenitor cells
Progenitor cells for
conducting airway
epithelial cells
Postnatal Alveolar type II cells Bronchiolar epithelial
cells and a subset of
alveolar type II cells
Reference Perl et al. (2002b) Perl et al.
(2002a, 2005b)
Nomenclature of each transgene, the regulatory elements, and cell specificity of
two distinct rtTA “activator” transgenic mouse lines used in this study are listed
and referenced.
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2004). The cellular and molecular processes that initiate adult
progenitor cell behavior and control cell differentiation in the
lung remain poorly understood.
In vivo injury models, including SO2 and naphthalene
injuries, identified distinct stem cell niches along the proximal–
distal axis of the airway epithelium: (1) in submucosal gland
ducts and at intercartilage junctions in the trachea, (2) NEB
(neuroepithelial body)-associated variant Clara cells in bronch-
ioles, and (3) toxicant-resistant Clara cells in the bronchoalveo-
lar duct junctions (BADJs) (Borthwick et al., 2001; Hong et al.,
2001; Giangreco et al., 2002). However, models in which rare
subsets of cells account for the rapid and extensive repair of the
lung caused by toxicants, including naphthalene, are not
compatible with the observed short period of proliferation and
rapid restoration of multiple differentiated epithelial cell types
typically observed after severe injury of the conducting airways
(Stripp et al., 1995; Hong et al., 2001; Giangreco et al., 2002).
Following severe bronchiolar cell injury, ciliated cells rapidly
undergo squamous differentiation (Van Winkle et al., 1995) and
redifferentiate to repair the epithelial surfaces of conducting
airway in a process associated with reactivation of transcription
factors known to influence lung morphogenesis and differen-
tiation during morphogenesis, including TTF-1, β-catenin, Sox
family members, Foxa2, and Foxj1 (Park et al., 2006).
Sox17 is selectively expressed in the endoderm during
gastrulation and is critical for the formation and maintenance of
the endoderm in frog, fish, and mouse embryos. In Xenopus,
Sox17α/β induces endoderm differentiation when ectopically
expressed in naïve ectoderm (Hudson et al., 1997; Clements and
Woodland, 2000). Blocking endogenous Sox17 function
disrupts endoderm development (Hudson et al., 1997; Clements
and Woodland, 2000; Clements et al., 2003). Targeted deletion
of Sox17 in the mouse causes severe defects in endoderm
formation resulting in death of the embryo (Kanai-Azuma et al.,
2002). Later in development, Sox17 is expressed in lung and
testis (Kanai et al., 1996). However, the cellular sites of
expression and potential functions of Sox17 later in organo-
genesis are unknown.
The present study was undertaken to identify sites of
expression and the effect of Sox17 on respiratory epithelial cells
during development and in the adult lung. Sox17 was widely
expressed in conducting airways of the fetal lung at E18 and
was relatively restricted to ciliated cells in the postnatal lung. To
determine the potential roles of Sox17 in the lung, Sox17 was
conditionally expressed in respiratory epithelial cells of the fetal
and adult mouse lung.
Materials and methods
Transgenic mice
(tetO)7CMVSox17-IRES-NucEGFP or (tetO)7CMVtSox17-IRES-NucEGFP
transgenic mice were produced by injecting one-cell fertilized zygotes with a
plasmid construct consisting of cDNAs encoding full-length Sox17, IRES
(Internal Ribosome Entry Site) sequence, and cDNA encoding green fluorescent
protein (Nuc-EGFP) with nuclear localization signal fused to the NH2-terminus
of EGFP. tSox17 is a truncated (t) mouse Sox17 cDNA that lacks NH2-terminusand most of the HMG box domain (Kanai et al., 1996). Both Sox17 and tSox17
were expressed in respiratory epithelial cells under conditional control of
doxycycline using transgenic mice as summarized in Table 1 and as previously
described (Perl et al., 2002a,b, 2005b). hSP-C-rtTA or rCCSP-rtTA mice were
mated to (tetO)7CMVSox17 or tSox17-IRES-NucEGFP. To induce Sox17 or
tSox17 expression, bitransgenic mice were maintained on doxycycline-
containing food (25 mg/g; Harlan Teklad, Madison, WI) from E6.5 (hSP-C-
rtTA/(tetO)7Sox17-IRES-NucEGFP) or from 2 months of age (rCCSP-rtTA/
(tetO)7Sox17 or tSox17-IRES-NucEGFP) until the time of sacrifice as described
in specific experiments. Cells expressing transgenes were identified as GFP-
positive cells or as the cell immunostaining intensely for Sox17. Mice used in
this study were housed and maintained in pathogen-free conditions according to
protocols approved by the Institutional Animal Care and Use Committee at
Cincinnati Children's Hospital Research Foundation. Mice were anesthetized
with a mixture of ketamine, acepromazine, and xylazine and exsanguinated by
severing the inferior vena cava and descending aorta.
In situ hybridization and immunohistochemistry
Lungs of embryonic and adult mice were fixed in 4% paraformaldehyde/
phosphate-buffered saline overnight at 4°C and processed according to standard
methods for paraffin-embedded blocks. Sox17 cDNA in pCR2.1 vector was
linearized with Hind III and a digoxigenin–UTP-labeled RNA-probe that
hybridizes to the COOH-terminal part of Sox17 mRNA was generated using
Ambion Mega kit (Ambion, Austin, CA). Whole-mount in situ hybridization
was performed essentially as previously described (Wilkinson, 1992). Mouse
fetal lungs at embryonic days 11.5, 12.5, and 13.5 were dissected and fixed with
4% paraformaldehyde/phosphate-buffered saline. Samples were sectioned to 8–
10 μm after being developed. Immunohistochemistry was performed on 5-μm-
thick sections using antibodies against FoxJ1, CCSP, β-tubulin IV, proSP-C,
CGRP, and β-catenin as previously described (Mucenski et al., 2003; Wan et al.,
2004a; Zhou et al., 1996). Rabbit antiSox17 was previously generated against 20
amino acids of the COOH-terminal domain of mouse Sox17 (aa 377–396, NH2–
KPEMGLPYQGHDCGVNLSDS–COOH) (Sinner et al., 2004). Guinea pig
antiSox17 antibody was raised against His-Sox17 peptide containing a part of
Sox17 COOH-terminal domain (aa 249–400). To generate the recombinant
Sox17 peptide, a fragment of Sox17 cDNA was amplified and inserted into
pTrcHis-TOPO vector for expression in E. coli (InVitrogen, Carlsbad, CA). His-
Sox17 peptides were purified using His-tag protein purification kit (Novagen,
Madison, WI). For immunofluorescence, antibodies were used as follows: anti-
Sox17, 1:100; anti-CCSP, 1:500; anti-Foxj1, 1:200; anti-proSP-C, 1:100; anti-β-
tubulin IV, 1:50; and anti-CGRP, 1:50. Goat secondary antibodies were
conjugated with Alexa Fluor® 568 or Alexa Fluor® 488 fluorochrome
(Molecular Probes, Eugene, OR). Samples were mounted with anti-fade reagent
containing DAPI (Vecta Shields, Burlingame, CA).
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Tissues for electron microscopy were prepared as previously described
(Na et al., 1998; Ikegami et al., 2005). Tissues were dehydrated in a graded
series of alcohol solutions and embedded in Embed 812 (Electron Microscopy
Sciences, Ft. Washington, PA). Ultrathin sections were cut at 100 nm of
thickness using a Reichert Ultracut E ultramicrotome (Reichert Austria) and
post-stained with our without 2% uranyl acetate and lead citrate. Digitized
images were acquired with an AMTAdvantage Plus 2K × 2K TEM CCD digital
camera (AMT, Danvers, MA) attached to a JEOL 1230 transmission electron
microscope (JEOL USA, Peabody, MA). For toluidine blue staining, sections
were cut at 1 μm, picked up on glass slides and stained for 1 to 2 min with 1%
toluidine blue (formulated in 1% sodium borate).
Isolation of type II cells and in vitro culture
Isolation of type II epithelial cells from rCCSP-rtTA/Sox17 or tSox17
transgenic mice was performed essentially as described (Rice et al., 2002).
Isolated cells were seeded in 100% Matrigel (BD Biosciences, Franklin Lakes,
NJ) at a density of 2 × 106 cells/cm2 on a 0.4-μm polyester membrane (Transwell
and Transwell Clear; Corning-Costar, Corning, NY) and cultured in media for
mouse tracheal epithelium (MTEC/Plus) (You et al., 2002) for 2–3 weeks in the
presence or absence of doxycycline. Cells were cultured in Matrigel and fixed inFig. 1. Sox17 mRNA and immunostaining in developing lungs. In situ hybridization
tubules at E12.5 (A). Similarly, Sox17 immunostaining was detected in a subset of me
andmesenchymal cells at E16.5 and E18 (C, D, E). Epithelial Sox17 stainingwas first
in bronchioles in postnatal and adult lungs (E and F), where it was colocalized with4% paraformaldehyde/phosphate-buffered saline overnight before embedding in
paraffin.
Cell culture and transfection assay
Plasmids expressing Sox17 and tSox17, a truncated form of Sox17 that lacks
NH2-domain and most of the HMG box, were generated by amplifying Sox17
from E7.5 mouse endoderm cDNA and inserting the full-length cDNAs into the
XhoI site of the pCIG vector (Megason and McMahon, 2002). A reporter gene
construct mFoxj1-luciferase was generated by amplifying 1.1-kb region (−1044
to +79) mouse Foxj1 5′ flanking region using tail genomic DNA from FVB/N
mouse and cloning into pGL3 promoterless vector (Promega, Madison, WI).
PCR primers were designed based on the nucleotide sequence at GenBank
Accession No. AF006200. The sequence of the primers was forward 5′-GGT
ACCAAAGAC TTCAAGGGCACG-3′ and reverse 5′-AGATCT GCCAGT
TAC ACA GTC TCC AG-3′. MLE-15 cells, Ttf-1 expression plasmid, and 4.8
mSftpc-luciferase plasmid were described previously (Park et al., 2004). HeLa
cells were plated at 1 × 105 cell/well in 12-well plates. The reporter construct
mFoxj1-luciferase or mSftpc-luciferase was cotransfected with empty vector,
pCIG-Sox17, or pCIG-tSox17 using Lipofectamine-2000 according to the
manufacturer's protocol (InVitrogen, Carlsbad, CA). pCMV-β-galactosidase
was also transfected as an internal control. Total amount of transfected DNAwas
fixed by adding the corresponding amount of empty vector (pCIG). After 48 h ofshowed that Sox17 mRNAwas detected in the mesenchyme surrounding lung
senchymal cells on E12.5 lung (B). Sox17 staining was seen primary vessels (v)
detected in bronchioles (Br) at E18 (D) and was restricted to ciliated cells (arrows)
β-tubulin IV (Sox17, red; β-tubulin, green; F inset). Scale bars: 50 μm.
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(Promega, Madison, WI). Light units were assayed by luminometry (Moonlight
3010, Analytical Luminescence Laboratory, San Diego, CA) and normalized to
β-galactosidase activity.Results
Endogenous expression of Sox17 in fetal and postnatal lungs
Sox17 mRNA and protein were detected in a subset of
mesenchymal cells in the fetal lung from E11.5 to 16.5 by in situ
hybridization and immunostaining (Figs. 1A, B, C, and data not
shown). Sox17 mRNA and immunostaining were colocalized inFig. 2. Sox17 induced formation of clusters of epithelial cells that express proximal ai
lung sections of adult rCCSP-rtTA/(tetO)7CMVSox17-IRES-NucEGFP mice that we
doxycycline, Sox17 was not detected in peripheral lung (A), and staining for cond
doxycycline, Sox17 was expressed in a subset of alveolar epithelial cells (D). Intense S
lung periphery (D, arrows). CCSP (E), Foxj1 (F), cytokeratin-5 (CK5) (H), and muci
alveolar epithelial cells after expression of Sox17, see arrows. β-Catenin staining was
Foxa2 (K), and Foxa1 (L) were expressed in the atypical cell clusters. Scale bar: 20uterine epithelium, testes and oviduct, consistent with the sites
of Sox17 mRNA expression in the adult mouse (data not
shown). Sox17 immunostaining was first detected in respiratory
epithelial cells lining the bronchioles at E18 (Fig. 1D) and was
restricted to ciliated epithelial cells in the postnatal and adult
lung (Figs. 1E and F). Sox17 protein colocalized with β-tubulin
IV and Foxj1 staining in ciliated cells in the adult lung (Fig. 1F
inset and Supplemental Fig. 3). In the alveolar region, Sox17
staining was not detected in alveolar type II cells but was
observed at sites consistent with endothelial or fibroblastic cell
types (Supplemental Fig. 4). Identical patterns of Sox17
staining were observed with two distinct antibodies generated
against distinct Sox17 peptides corresponding to the COOH-rway epithelial markers in the alveoli. Immunohistochemistry was performed on
re treated with doxycycline at 2 months of age for 4 weeks. In the absence of
ucting epithelial cell markers was not detected (B and C). In the presence of
ox17 staining was detected in a subset of cells within atypical cell clusters in the
n (Muc5A/C) (I), all markers of conducting airway epithelium, were detected in
increased in the atypical cell cluster induced by Sox17 (G and insert). Ttf-1 (J),
μm.
Fig. 3. Ultrastructural features of atypical epithelial cell clusters induced by
Sox17. Adult rCCSP-rtTA/(tetO)7CMVSox17-IRES-NucEGFP mice were
treated with doxycycline for 4 weeks and lungs prepared for electron
microscopy. (A) Toluidine blue staining was performed on lung sections from
the mice. Atypical cellular clusters (arrows and A inset) were observed in
alveoli. The clusters are generally formed at the corners of alveoli, sites of
alveolar type II cells (arrowheads). (B) Numerous mitochondria (mito),
abundant endoplasmic reticulum (ER) and short microvilli, typical of
conducting airway secretory cells, were observed in the atypical epithelial
cells located within the clusters induced by Sox17. In contrast to normal alveolar
type II cells, cells within the clusters did not contain lamellar bodies, the
intracellular storage form of pulmonary surfactant. Some of the atypical cells
contained elongated microvilli (arrows) and basal bodies (arrowheads), usually
associated with ciliated cells (B inset). Atypical cells contained numerous
mitochondria and abundant rough ER (endoplasmic reticulum). Nuc, nucleus.
Micrographs are representative of n = 4 animals that were compared to control
littermates.
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While Sox17 staining with both antibodies showed the same
pattern of expression, repeated attempts to identify Sox17
mRNA in the late fetal and adult lung by in situ hybridization
were unsuccessful, perhaps consistent with the relatively low
level of Sox17 mRNA expressed in the lung as detected by
previous RNA microarray studies (deFelice et al., 2003).
Sox17 induced multipotent progenitor cell behavior of adult
alveolar cells in vivo
To assess the role of Sox17 in the specification of cell types in
postnatal lung, Sox17 was conditionally expressed in rCCSP-
rtTA/(tetO)7Sox17-IRES-NucEGFPmice. Ectopic Sox17 immu-
nostaining was detected in a subset of alveolar epithelial cells in
the adult lung of these transgenic mice at sites consistent with the
sites of rtTA gene expression in this mouse line (Fig. 2D) (Perl
et al., 2002a). Conditional expression of Sox17 in alveolar
epithelial cells (type II cells) caused the formation of atypical,
epithelial cell clusters in the peripheral lung (Figs. 2D and 3A).
Although a few bronchiolar epithelial cells expressed the
transgene, morphological abnormalities were not observed in
the conducting airways. The hyperplastic foci seen in the alveoli
consisted of cuboidal and columnar epithelial cells, most of
which expressed TTF-1, Foxa2, and Foxa1, transcription factors
that play important roles in respiratory epithelial cell differen-
tiation during lung morphogenesis (Figs. 2J–L). Electron
microscopy of the clusters demonstrated the presence of
atypical epithelial cells with characteristics of both ciliated
and nonciliated bronchiolar epithelial cell types (Fig. 3B). In
some cells, short cilia and basal bodies were located in the
apical regions of the cells. Cell cytoplasm was most typical of
ciliated and nonciliated columnar epithelium. The atypical cells
did not contain lamellar bodies normally found in type II
epithelial cells. Cells within the clusters expressed CCSP (Clara
cell secretory protein), Foxj1, CK5 (cytokeratin-5), and
MUC5A/C (mucin), epithelial cell markers that are normally
restricted to conducting airways and never expressed in alveolar
regions of the normal lung (Figs. 2E, F, H, I). β-Catenin staining
was markedly increased in the cells within the clusters induced
by Sox17 (Fig. 2G and inset). In the absence of doxycycline,
Sox17 was not detected in epithelial cells of the peripheral lung
of adult rCCSP-rtTA/(tetO)7Sox17-IRES-NucEGFP mice, and
ectopic staining of CCSP and Foxj1 was not observed (Figs.
2A–C). Conditional expression of a truncated form of Sox17
(tSox17) lacking most of the HMG box in the lung of rCCSP-
rtTA/(tetO)7tSox17-IRES-NucEGFP mice did not cause ectopic
airway cell differentiation and did not alter lung histology in
transgenic mice (Supplemental Fig. 1).
Transdifferentiation of alveolar epithelial cells in vivo
In the alveoli of the adult transgenic mice, a subset of cells
within the Sox17-induced clusters expressed β-tubulin IV and
CCSP but did not coexpress proSP-C, a specific marker of
alveolar type II cells (Figs. 4A and B). Cells within the clusters
staining for β-tubulin IV, a specific marker of ciliated cells,were distinct from those that expressed CCSP, a Clara cell
marker (Fig. 4C), indicating differentiation of distinct ciliated or
nonciliated cell types. The intensity of Sox17 staining varied in
the hyperplastic cell clusters. The cells expressing the Sox17
transgene did not express CCSP or proSP-C (Figs. 4E and F).
Some cells expressing β-tubulin IV or Muc5A/C stained for
Sox17 (Fig. 4D, latter not shown). Although a subset of cells
expressing high levels of Sox17 (arrows in Figs. 4D–F) did not
express differentiated cell markers, in many cells, Sox17 and β-
tubulin IV were variably coexpressed. Consistent with the
observations, endogenous Sox17 was detected primarily in
ciliated cells, but not in Clara or alveolar type II cells (Fig. 1F
inset). Foxj1 is a transcription factor required for the maturation
of cilia in ciliated cells (Brody et al., 2000; Chen et al., 1998).
Sox17 enhanced the activity of the Foxj1 promoter in HeLa
Fig. 4. Sox17 caused transdifferentiation of alveolar epithelial cells along multiple airway epithelial cell phenotypes. Dual immunolabeling was performed on lung
paraffin sections of adult rCCSP-rtTA/(tetO)7CMVSox17-IRES-NucEGFP transgenic mice treated with doxycycline for 4 weeks from 2 months of age. Staining for β-
tubulin (A, C, D, cilia indicated by triangle), CCSP (B, C and asterisks), or proSP-C (A, B) did not overlap, indicating that the cells expressing ectopic conducting
airway epithelial cell markers in the alveolar regions were distinct from alveolar epithelial cell types that normally express only proSP-C. Within the cell clusters,
Sox17 staining was not colocalized with CCSP (E) or proSP-C (F) but was detected at varying levels in cells expressing β-tubulin (D). A subset of cells in the clusters,
maintaining high levels of Sox17 expression, remain undifferentiated, and did not stain for these cell markers (arrows in D, E, F).
Fig. 5. Sox17 activated Foxj1 and inhibited Sftpc promoter activity in vitro. HeLa cells were cotransfected with mFoxj1-luciferase (1.25 μg/well) and increasing
amounts (0.25, 0.5, 1 μg/well) of expression plasmids for Sox17 and tSox17. Stimulatory effects of Sox17 on Foxj1 promoter activity were dose-dependent; tSox17
was inactive (A). MLE-15 cells were cotransfected with mSftpc-luciferase and Sox17, tSox17, or Ttf-1 plasmids. Sox17 inhibited the activity of mouse Sftpc promoter,
while tSox17 moderately increased its activity (B). Ttf-1 was cotransfected with Sftpc-luciferase as a positive control. The results are shown as fold increase compared
to control (mFoxj1-luciferase or mSftpc-luciferase alone). Values are mean ± SD, n = 3. The experiment was repeated in triplicate two times with similar results.
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not shown). MLE-15 cells express surfactant proteins typical
of the peripheral lung and do not express proximal airway
markers. In contrast, Sox17 inhibited the activity of Sftpc
promoter, the latter expressed exclusively in the alveoli and
selectively in MLE-15 cells (Glasser et al., 1990) (Fig. 5B).
Taken together, its location in conducting epithelial cells and
its ability to induce expression of Foxj and β-tubulin when
expressed in alveolar cells are consistent with a potential role
for Sox17 in differentiation of conducting among epithelial
cells.
Sox17 causes transdifferentiation of alveolar type II cells
in vitro
Alveolar type II epithelial cells were isolated from rCCSP-
rtTA/(tetO)7Sox17-IRES-NucEGFP mice that were maintained
without doxycycline. The cells were cultured in Matrigel in theFig. 6. Sox17 prolonged survival and influenced epithelial cell differentiation in
(tetO)7CMVSox17-IRES-NucEGFP transgenic mice. Cells were cultured with or with
type II cells formed small cellular aggregates and generally died (A), in the prese
doxycycline, Sox17 induced cysts that were lined by mono- or multi-layers of epithe
subset of the epithelial cells in the cysts stained for both β-tubulin IV (green and arro
cysts (E). A subset of cells stained for Foxj1 (F, and arrows). Scale bars: A–D = 20presence or absence of doxycycline to activate expression of the
Sox17 transgene. After 2 weeks in culture, doxycycline-treated
type II cells formed large cysts of various sizes (Fig. 6B),
whereas untreated type II cells formed small cell aggregates or
died (Fig. 6A). Sox17-GFP stained cells were identified in the
cysts (Fig. 6D). The Sox17 induced cysts consisted of columnar
and cuboidal cells (Figs. 6C–F), a finding never seen in primary
cultures of type II cells (Rice et al., 2002). A subset of cells in
the cysts stained for Sox17, and some of Sox17-positive cells
expressed β-tubulin IV and contained apical cilia oriented
toward the lumen of the cysts, demonstrating the formation of
polarized epithelium (Fig. 6E). Foxj1 was expressed in a subset
of these cells (Fig. 6F), while CCSP and proSP-C staining was
not observed (data not shown). Thus, Sox17 caused differen-
tiation of cultured alveolar type II cells into epithelial cells with
characteristics seen only in proximal airway epithelial cells. It is
also possible that Sox17 enhanced survival of the epithelial cells
under these culture conditions.vitro. Alveolar type II cells were isolated from the lungs of rCCSP-rtTA/
out doxycycline in 100%Matrigel for 2–3 weeks. In the absence of doxycycline,
nce of doxycycline, large single or multi-cysts formed (B). In the presence of
lial cells (C), most of which were positive for the Sox17-GFP transgene (D). A
w) and Sox17 (red) and contained apical cilia oriented toward the lumen of the
0 μm; E, F = 20 μm.
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respiratory epithelium in vivo
Since Sox17 was detected in proximal as compared to
peripheral respiratory epithelial cells at E18, we sought to
assess its potential role in the differentiation of respiratory
epithelial cells during lung morphogenesis. Sox17 was
conditionally expressed in the respiratory epithelium of the
fetal lung under control of the human SP-C promoter, hSP-C-
rtTA/(tetO)7CMVSox17-IRES-NucEGFP (Perl et al., 2002b).Fig. 7. Sox17 disrupted branching morphogenesis and differentiation of the fetal lun
(H, K), and β-catenin (I, L) was assessed in lungs from control (A–C, G–I) and tran
(D–F, J–L) at E18. Dams were treated with doxycycline from E0 to E18. Single tra
increased throughout much of the respiratory epithelium at E18 (D) compared to cont
abnormal lung tubules (marked by asterisks) in the lung periphery (D–F, J–L). Incre
bodies respectively) was detected in the abnormal airway epithelium (E and F). Staini
type II cell marker) was reduced in the lung periphery and was detected in primarily sm
Sox17 expression (L). Figures are representative of findings from 3 separate controWhen doxycycline was administered to the dam throughout
gestation, Sox17 was widely expressed within the respiratory
epithelium of the transgenic pups (Fig. 7D). Sox17 mis-
expression disrupted branching morphogenesis, caused forma-
tion of abnormally dilated tubules in the lung periphery, and
decreased the numbers of peripheral lung saccules at E18. The
abnormal lung tubules were mostly lined by a primarily
hyperplasic, columnar epithelium. Cuboidal type II cells and
squamous type I cells normally seen in peripheral lung saccules
were deficient. The severity of the malformation was consistentg. Staining of Sox17 (A, D), Foxj1 (B, E), CGRP (C, F), CCSP (G, J), proSP-C
sgenic mice expressing Sox17 (hSP-C-rtTA/(tetO)7CMVSox17-IRES-NucEGFP)
nsgenic littermates of all other genotypes served as control. Sox17 staining was
rol (A inset). Sox17 impaired branching morphogenesis and caused formation of
ased staining for Foxj1 and CGRP (markers of ciliated cells and neuroepithelial
ng for CCSP, a Clara cell marker, was increased (J). ProSP-C staining (a alveolar
aller lung tubules (K). β-Catenin staining was increased at the sites of increased
l and Sox17 expressing mice. Scale bar: 100 μm.
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cells expressing the conducting airway marker Foxj1 extended
to the tips of many of the abnormal lung tubules (Fig. 7E and
inset). Likewise, β-tubulin IV staining was detected in subsets
of cells lining the abnormal tubules (data not shown). The
numbers and sizes of neuroepithelial bodies (NEBs), normally
seen in conducting airways as identified by staining for
calcitonin gene-related peptide (CGRP), were markedly in-
creased in the abnormal lung tubules (Fig. 7F). CCSP-positive
(Clara cells) were not observed in the abnormal lung tubules
expressing Sox17 (Fig. 7J). The extent of the respiratory
epithelium expressing proSP-C (an alveolar type II cell marker)
was reduced by expression of Sox17 (Fig. 7K). Dual labeling of
GFP (the marker of transgene expressing cell) and other airway
differentiation markers demonstrated that the columnar epithe-
lial cells expressing GFP lined the abnormal lung tubules
(asterisks) and surprisingly, lacked Foxj1, CCSP, CGRP, and
proSP-C (Supplemental Fig. 2). The extent and intensity of β-
catenin staining were increased in the epithelial cells throughout
the abnormal lung tubules (Fig. 7L). Taken together, these
results suggest that Sox17 altered differentiation of the
respiratory epithelial cells in the fetal lung, increasing the
domain of conducting airway-like epithelium and inhibiting
growth and/or differentiation of peripheral saccules.
Discussion
Sox17 was first expressed in a widespread pattern in con-
ducting airways of the fetal mouse lung at E18 and, thereafter, in
ciliated cells in postnatal and adult lung, suggesting its potential
role in the differentiation or maintenance of proximal
respiratory epithelial cell phenotype. Ectopic expression of
Sox17 in epithelial cells of the fetal mouse lung during the
embryonic period of development promoted differentiation of
cells along proximal cell phenotypes and restricted differenti-
ation of peripheral respiratory epithelial cell types. Conditional
expression of Sox17 in alveolar type II cells in the adult lung
induced clusters of cells expressing diverse proximal airway
markers in the alveoli. Taken together, the findings support the
concept that Sox17 induces plasticity of respiratory epithelial
cells, causing their differentiation into cells with multiple
conducting airway epithelial cell characteristics.
Remarkably, conditional expression of Sox17 in adult
alveolar type II cells induced epithelial lesions consisting of
atypical cells that expressed proximal airway epithelial cell
markers that are not normally detected in the peripheral lung.
Variation in the levels of Sox17 also coincided with distinct
phenotypes of various epithelial cell types in the rCCSP-rtTA/
(tetO)7Sox17 mice, suggesting that the level of Sox17
influences cell phenotype. We recently observed dynamic
changes in Sox17 expression as ciliated cell-derived adult
progenitor cells redifferentiated into nonciliated and ciliated cell
types during repair of the airway from naphthalene-induced
bronchiolar cell injury (Park et al., 2006). Together, these
findings support the concept that multiple respiratory epithelial
cells display remarkable plasticity, and that Sox17 can influence
proximal cell differentiation in respiratory epithelial cells. Theability of Sox17 to reprogram adult lung epithelial cells along
diverse cell lineages also supports a model in which lung
epithelial cells possess considerable phenotypic plasticity that is
likely to play an important role during repair of the respiratory
epithelium following injury.
Regulation of progenitor cell homeostasis may be a function
shared by multiple Sox proteins. Sox family members (Sox1–3,
Sox9, and Sox10) were highly expressed in progenitor cells and
decreased during mitosis or differentiation in various organs
(Avilion et al., 2003; Blache et al., 2004; Bylund et al., 2003;
Graham et al., 2003; Kim et al., 2003). Similarly, Sox17
expression in the fetal lungs of transgenic mice inhibited
differentiation of respiratory epithelial progenitors into type II
and type I epithelial cell types typical of the alveoli and
maintained a columnar epithelium typical of that seen in earlier
period of lung formation. Sox2, Sox9, and Sox18 are also
expressed in the respiratory epithelium during lung morpho-
genesis; however, none share the distribution pattern of Sox17
presently observed. Since multiple Sox family members are
expressed in the respiratory epithelium, it is unclear whether
Sox proteins play distinct or overlapping roles in the regulation
of epithelial cell differentiation. For example, Sox9 is expressed
at high levels in trachea and the fetal lung, but its deletion in
respiratory epithelial cells did not alter lung morphogenesis or
function (Perl et al., 2005a).
Sox17 immunostaining was detected in respiratory epithe-
lium at E18 and later restricted to a subset of bronchiolar
epithelial cells, including ciliated cells, using two separate
antibodies. Sox17 mRNA and protein were detected in
epithelial cells lining the oviduct and endometrium at sites
consistent with Sox17 mRNA as detected by in situ hybridiza-
tion (data not shown). Repeated attempts to detect Sox17
mRNA in fetal lung at E18 and adult lung were unsuccessful,
although it was detected in lung by Northern blot and
immunoblot (Kanai et al., 1996). The discrepancy between
immunostaining and in situ hybridization for Sox17 suggests
that in situ hybridization is not sensitive enough to detect the
low abundance of Sox17 mRNA. Alternatively, the Sox17
antibodies could detect other related proteins in lung epithelium.
Sox2, Sox9, Sox7, and Sox18 were detected by Northern blot,
in situ hybridization or immunostaining in the respiratory
epithelium at various stages of lung development (Dunn et al.,
1995; Perl et al., 2005a; Takash et al., 2001); however, the
pattern of Sox17 immunostaining was distinct from that of other
Sox proteins [Perl et al., 2005a,b and data not shown]. Anti-
Sox17 antibodies used in the study were raised against part of
the COOH-terminal domain of the peptide that does not share
homology with Sox7 and Sox18, both of which belong to the
same Sox subfamily. Sox17 staining with these antibodies was
induced after conditional expression in both adult and fetal
mouse lung and after transfection of epithelial cells in vitro
(latter data not shown). Thus, the Sox17 antibodies used in this
study detect Sox17 and are unlikely to detect other known Sox
proteins.
In the present study, Sox17 influenced the differentiated
respiratory epithelial cells in the fetal and adult lung. Intense
staining for Foxa1 and Foxa2 was observed after expression of
201K.-S. Park et al. / Developmental Biology 294 (2006) 192–202Sox17 in the alveoli. While target genes of Sox17 in lung are
unknown, candidate genes include Foxa2 and Foxa1, which are
known to be regulated by Sox17 during endoderm formation in
the vertebrate embryo (Kanai-Azuma et al., 2002; Sinner et al.,
2004). Respiratory epithelial cells, including ciliated cells, are
derived from endoderm-derived progenitor cells and maintain
Foxa2 and Foxa1 expression (Besnard et al., 2004). The
hyperplastic cell clusters expressing Sox17 stained intensely for
Foxa2 and Foxa1 and contained respiratory epithelial cells
expressing markers of multiple cell types. The Foxa transcrip-
tion factors influence gene expression and epithelial cell
differentiation in the developing lung (Wan et al., 2004a,b,
2005). Gain- and loss-of-function studies demonstrated that
precise regulation of Wnt/β-catenin signaling is critical for the
differentiation of the respiratory epithelium (Mucenski et al.,
2003, 2005; Okubo and Hogan, 2004). Sox proteins, including
Sox2 and Sox9, influenced β-catenin activity in various
developing tissues (Akiyama et al., 2004; Blache et al., 2004;
Mansukhani et al., 2005). Sox17 interacts with β-catenin in the
regulation of Foxa1 and Foxa2 during formation of the
endoderm in Xenopus (Sinner et al., 2004). In the present
study, Sox17 enhanced β-catenin staining in association with
activation of progenitor cell behavior in alveolar cells of the
mature lung. Since β-catenin (Mucenski et al., 2003; Shu et al.,
2005), Foxa1, and Foxa2 (Wan et al., 2004b, 2005) play critical
roles in establishing proximal–distal cell differentiation in the
developing lung, the finding that Sox17 induces the expression
of these transcription factors and influences cell differentiation
in both fetal and mature lung supports a model in which the
concerted actions of Sox17 and other transcription factors can
program or reprogram cells along multiple proximal respiratory
epithelial cell types. The effects of Sox17 on Foxj1 promoter
activity were different in HeLa as compared to MLE-15 cells,
indicating that the activity of Sox17 may be strongly influenced
by expression of other transcription factors that are cell type
specific. The findings that Sox17 regulates, directly or
indirectly, the Foxj1 promoter in vitro and its coexpression
with Foxj1 in the conducting airway epithelial cells support its
potential role in specification of epithelial cell type during
morphogenesis and repair. Control of respiratory epithelial cell
differentiation and growth via these transcriptional networks
may play important roles in the formation, maintenance, and
repair of the respiratory epithelium lining the conducting
airways. Whether the effects of Sox17 on respiratory epithelial
cell survival or differentiation play a role in pulmonary
tumorigenesis remains to be determined.
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